Introduction {#Sec1}
============

In 1980, Miller et al.^[@CR1]^ hypothesized for the first time that bacterial colonization of the amniotic fluid could be responsible for spontaneous preterm labor and preterm prelabor rupture of membranes (PPROM). The proposed mechanism involves ascending migration of genital microorganisms, inflammation of the chorio-decidua, and passage of microbes in the gestational sac, followed by generalized fetal inflammation.^[@CR2],[@CR3]^

Identification of a feasible therapy that eliminates infection, reverses the inflammatory process, and protects the fetus in utero represents a long-sought goal. The search for modalities to extend the duration of gestation and improve the premature infants' outcome included antibiotics, tocolytic drugs, and cerclage.^[@CR4],[@CR5]^ So far, these methods have proven largely ineffective or even harmful when preterm birth (PTB) occurs in the context of intra-amniotic inflammation and infection (Triple I).^[@CR6]^ Several groups, including ours, demonstrated that components of the antepartum, intrapartum, and postpartum exposome impact development of adverse neonatal outcomes in differential fashion.^[@CR7],[@CR8]^ Specifically, Triple I significantly associated with newborn's increased risk for intraventricular hemorrhage (IVH), retinopathy of prematurity (ROP), and sepsis. Conversely, the risk for bronchopulmonary dysplasia (BPD) was preferentially linked to postnatal respiratory variables such as a need for surfactant and ventilator support.^[@CR7]^

*N*-acetylcysteine (NAC) is a cell-permeable derivative of cysteine (CYS), which is an essential precursor for endogenous glutathione (GSH) synthesis.^[@CR9]^ NAC and CYS can also directly scavenge free radicals and increase the pool of endogenous sulfur-containing species in the mitochondria.^[@CR10],[@CR11]^ Clinically, NAC is used as a mucolytic agent in patients with cystic fibrosis where it aids with the clearance of airway secretion.^[@CR12]^ Recently, NAC has been found to have anti-fibrotic and anti-inflammatory chemotherapeutic activities via inhibition of histone deacetylase (HDAC) and remodeling of chromatin.^[@CR13]^

NAC is a known safe antidote for acetaminophen toxicity in pregnancy.^[@CR14],[@CR15]^ Our group was the first to test in an animal model of inflammation-induced PTB that NAC confers protection against fetal demise.^[@CR16]^ We reported that NAC significantly increased offspring survival by preventing stillbirth prior to birth and during spontaneous vaginal delivery.^[@CR16]^ Therefore, our data implied that NAC protected the fetus from the harmful effects of inflammation.^[@CR16]^

Following our original publication, several groups focused their attention on the protective effect of NAC against inflammation-induced brain injury.^[@CR17]--[@CR20]^ To date, no prior study investigated the effect of NAC on neonatal outcomes of women whose pregnancies were complicated by Triple I diagnosed using the "gold standard" analysis of the amniotic fluid. In this trial, we tested the hypothesis that in women at impending risk of PTB secondary to Triple I, antenatal administration of NAC would reduce the risk of neonatal short-term morbidity and death. As a corollary, we anticipated that NAC would preferentially lower the risk for morbidities linked to antenatal exposure to infection and/or inflammation (IVH, ROP, sepsis) and this effect would be directly related to GSH concentration in the fetal circulation.

Methods {#Sec2}
=======

Participants {#Sec3}
------------

Women were eligible if older than 18 years of age, pregnant with a singleton, gestational age (GA) between 23^0/7^ and 33^6/7^ weeks, at high risk of PTB secondary to advanced cervical dilatation (≥3--4 cm) or PPROM and had amniocentesis results suggestive of Triple I. Exclusion criteria were anticipated delivery within 2 h, need for close medical supervision (e.g., cardiac and renal disease, congestive heart failure, history of asthma), maternal viral infection (HIV, hepatitis B or C), cord prolapse, known fetal malformation, known allergic reaction to NAC, and preeclampsia.

Assessment of Triple I {#Sec4}
----------------------

For all cases, a transabdominal amniocentesis was done at responsible clinicians' decision when mothers displayed signs and symptoms of Triple I, including fever (\>100.4 °F), fundal tenderness, leukocytosis \[maternal white blood cell (WBC) count \>15,000 cells/μL\], persistent abdominal contractions, and advanced cervical dilatation.^[@CR6]^ All the procedures were performed in a sterile fashion under ultrasonographic guidance and were performed independent of our study protocol.

Clinical laboratory tests performed to rapidly diagnose Triple I included amniotic fluid glucose, lactate dehydrogenase (LDH) levels, WBC count, and a Gram stain, as previously described.^[@CR21]--[@CR23]^ Analysis of amniotic fluid included cultures for aerobe and anaerobic bacteria, *Mycoplasma* and *Ureaplasma* spp. Placenta and umbilical cord were examined for the presence of histological chorioamnionitis and funisitis.^[@CR24]^ Details are provided in Supplementary Methods.

Randomization and investigational drug protocol {#Sec5}
-----------------------------------------------

Eligible women were randomly assigned in a double-blind fashion to receive either NAC or placebo. The randomization process was conducted by Yale New Haven Hospital (YNHH) clinical pharmacy (O.A.) by computer-generated varying permuted blocks.^[@CR25]^ The NAC infusion protocol was identical to the procedure approved by Food and Drug Administration (FDA) for acetaminophen toxicity and involved a loading dose of 150 mg/kg NAC (Acetadote, Cumberland Pharmaceuticals) delivered over 1 h, followed by 50 mg/kg continuous infusion over 4 h, after which a 100 mg/kg infusion was maintained over the next 16 h or until delivery if this occurred earlier.^[@CR15],[@CR26]^ Study solutions (placebo and study drug) were prepared by the YNHH Clinical Pharmacy as described in Supplementary Methods. By study design, when a cesarean delivery was recommended (e.g., prior surgical scar, fetal malpresentation) and the maternal and fetal status was reassuring, we aimed to expose the fetus to the NAC bolus dose and to continue the infusion, for all cases, until cord clamping. Dextrose (5%) in water (D5W) was used as a placebo.

Adverse events associated with intravenous NAC administration were monitored for all the participants. Signs and symptoms of anaphylactic reactions (e.g., flushing, rash, hypotension, bronchospasm) were considered major adverse events and reasons for protocol interruption. Other anticipated adverse reactions, such as nausea, vomiting, urticaria, stomatitis, and rhinorrhea, were considered minor and did not require stopping of the infusion.

Neonatal outcomes were collected by certified research nurses and following completion of the study reviewed by a neonatologist team member (V.B.). Maternal demographic variables, medical history, associated treatments (e.g. antibiotics, magnesium, steroids), and results of clinical laboratory tests were retrieved from patients' medical records by members of the research team (C.S.B., I.A.B., and M.O.B.).

Definition of neonatal morbidities and study outcomes {#Sec6}
-----------------------------------------------------

All newborns were admitted to YNHH Newborn Intensive Care Unit (NICU) and followed prospectively until death or discharge. The type and level of delivery room resuscitation were left at the latitude of the neonatology team who also assigned the Apgar scores. Early-onset neonatal sepsis was defined as culture-confirmed and/or presumed sepsis \<72 h after birth corroborated by clinical symptoms. Late-onset sepsis was defined by positive cultures ≥72 h after birth. BPD was defined as the need for supplemental oxygen at 36 weeks postmenstrual age along with characteristic radiographic changes.^[@CR27]^ Detailed definitions of neonatal morbidities are in Supplementary Methods.

The primary outcome of the trial was a composite score of mortality and severe short-term neonatal morbidities (IVH grades 3 and 4, ROP grades 2--4, necrotizing enterocolitis \[NEC\] grades 2--4, periventricular leucomalacia \[PVL\], BPD, any type of culture-proven sepsis,) prior to discharge or death. Each outcome occurrence was counted and the number of occurrences summed as the composite score (range 0--7). Secondary outcomes were the individual short-term morbidities and maternal and fetal levels of NAC, GSH, and cytokines. These primary and secondary outcomes were pre-specified. Due to the unexpected positive result on BPD, we extended the analysis to exploratory variables related to newborn status in the delivery room as well as immunohistochemical expression of HDAC2, which were not anticipated prior to unblinding.

Biological samples and mechanistic endpoints {#Sec7}
--------------------------------------------

The procedures for the collection of maternal venous blood samples, cord blood samples, and biopsies from the placenta are included in Supplementary Methods along with the laboratory methods used to measure concentrations of NAC, GSH, inflammatory markers, and HDAC2 expression.

Statistical analysis {#Sec8}
--------------------

At the time this trial was initiated there was no prior experience with administration of maternal NAC for fetal protection. Our sample size calculation was based on our prior human study that evaluated fetal oxidative stress before and after delivery.^[@CR28]^ In our original calculations, we assumed NAC administration would result in a 30% increase in fetal RBC GSH. To detect this change, we aimed to enroll 140 patients (70 in each group). However, the clinical trial was stopped earlier after randomization of 68 patients, due to the relocation of several investigators to other institutions. Statistical analysis was performed using Fisher's exact or *χ*^2^ tests as appropriate. Multivariable logistic regression was performed to account for potential differences in GA, race, sex and birthweight. Spearman's correlations were used to analyze relationships between NAC and CYS in cord blood and other variables of interest. Data normality was tested by Shapiro--Wilk method. Data are presented as average and 95% confidence intervals (CIs) or as median and interquartile range as appropriate. A *p* \< 0.05 was considered significant.

Study approval {#Sec9}
--------------

The Yale University Human Investigation Committee approved the study protocol. Written informed consent was obtained from all participants. The consent form is available in Supplementary Material. The protocol was registered with ClinicalTrials.gov Identifier NCT00397735.

Results {#Sec10}
=======

Demographic and maternal clinical characteristics of the study groups {#Sec11}
---------------------------------------------------------------------

This was a single-center randomized, quadruple-blinded (participant, care provider, investigator, and outcomes assessor), placebo-controlled clinical trial conducted at YNHH from November 2006 to October 2012. A flowchart of eligible women and exclusions is presented in Fig. [1](#Fig1){ref-type="fig"}. During the study, 369 women pregnant with singletons underwent amniocentesis to rule out Triple I. Of these, 288 women were found ineligible or did not meet the strict inclusion criteria. Out of the 81 consecutive women eligible for enrollment, 12 were not enrolled given the unavailability of the research team. Thus, 69 women were approached for enrollment. One patient declined participation and 68 signed consent forms. Following enrollment, 1 patient delivered before randomization, leaving 67 women randomized into the clinical trial. Following unblinding of the randomization codes, it was revealed that 33 women received NAC and 34 received placebo.Fig. 1Flowchart of eligible participants with inclusion and exclusion circumstances.PTL preterm labor, PPROM preterm prelabor rupture of membranes, r/o rule-out, GA gestational age, NAC *N*-acetylcysteine. \*Thirteen patients who were ineligible for the trial based on negative assessment for Triple I contributed placental samples as reference for immunohistochemistry experiments.

There was no statistically significant difference in the demographical and clinical characteristics between the two groups, except for more non-Hispanic white women having received NAC (Table [1](#Tab1){ref-type="table"}, 16/33 vs. 5/34, *p* = 0.004). There were no significant differences in the results of the rapid tests for diagnosis of amniotic fluid inflammation (WBC count, LDH activity) or infection (glucose concentration, Gram stain) (Supplementary Table [1](#MOESM1){ref-type="media"}). Using traditional culture methods and/or Gram stain, \>80% of cases had infection of the gestational sac, with no statistically significant difference in frequency or type of infection between NAC and placebo groups. Results of clinical placental pathology were available in 87% (52/67) of cases and showed the presence of histologic chorioamnionitis and funisits in both groups, with no difference in frequency or severity. There was no significant difference in cord blood acid--base analysis, with only one newborn in each group reported as having a cord blood pH \<7. Our previously published algorithm considering haptoglobin switch-on status and cord blood interleukin-6^[@CR29]^ classified \>70% of newborns in the study as "exposed and haptoglobinemic," with no statistically significant difference between groups. There were no "exposed" hypoglobinemic or anhaptoglobinemic babies in this study.^[@CR30]^Table 1Demographic and clinical characteristics of randomized women (*n* = 67).VariablesNAC, *n* = 33Placebo, *n* = 34*P* valueClinical characteristics Maternal age (years)\*27 \[23--34\]29 \[20--33\]0.400 Race/ethnicity^†^**0.018**   Non-Hispanic White16 (49)5 (15)   Non-Hispanic Black9 (27)18 (53)   Hispanic5 (15)9 (26)   Other3 (9)2 (6) Nulliparity^‡^20 (60)17 (50)0.464 History of preterm birth^‡^8 (47)9 (53)1.000 BMI (kg/m^2^)\*27.5 \[25.8--34.6\]28.8 \[24.7--35.3\]0.927 PPROM^‡^22 (67)19 (56)0.454 Tocolytics^‡^14 (42)12 (35)0.621 Progesterone^‡^6 (18)8 (24)0.765 Antenatal steroids^‡^33 (100)34 (100)1.000 Complete steroid course^‡^20 (60)20 (59)1.000 Magnesium sulfate^‡^14 (42)15 (44)1.000 Antibiotics^‡^31 (94)32 (94)1.000 Gestational age at amniocentesis (weeks)\*28.1 \[25.8--30.5\]27.0 \[25.4--30.4\]0.616 Clinical course after amniocentesis^†^0.564   Labor induction and/or cesarean30 (91)29 (85)   Labor augmentation3 (9)4 (12)   Expectant management until clinical chorioamnionitis0 (0)1 (3) Clinical chorioamnionitis^‡^3 (9)3 (9)1.000 Amniocentesis-delivery interval (h)\*10.1 \[7.7--16.7\]8.0 \[5.8--17.0\]0.146 Gestational age at delivery (weeks)\*28.1 \[25.8--30.5\]27.0 \[25.4--30.4\]0.616 Cesarean delivery^‡^11 (33)11 (33)1.000Significant *p* values (\<0.05) are shown in bold font.*NAC* *N*-acetylcysteine, *BMI* body mass index, *PPROM* preterm prelabor rupture of membranes.\*Data are presented as median \[interquartile range\] and analyzed by Mann--Whitney test.^†^Data are presented as *n* (%) and analyzed by *χ*^2^ test.^‡^Data are presented as *n* (%) and analyzed by Fisher's exact test.

Investigational drug characteristics {#Sec12}
------------------------------------

Following randomization, all but one patient completed the loading dose (Table [2](#Tab2){ref-type="table"}). One patient enrolled in the NAC group was started on the loading dose infusion, which ran for 18 min before delivery. Overall, women in the treatment NAC arm received 16.5 \[interquartile range (IQR) 12.8--20.0\] g of NAC. The total infusion volume and the median duration of the infusion were not significantly different in the NAC vs. the placebo group. Patients delivered by cesarean had a slightly nonsignificant shorter infusion duration (cesarean: 3.4 \[1.8--7.4\] h vs. vaginal delivery 4.9 \[2.6--10.8\] h, *p* = 0.147). There were five instances of anticipated minor adverse events (nausea, vomiting, urticaria) in the NAC group that did not warrant discontinuation of drug infusion. No adverse events were reported among placebo patients. There were two protocol deviations (one in each group), which involved minor delays in the time the infusion regimens were switched to the next level. These events did not warrant exclusion of patients from the data analysis.Table 2Investigational drug infusion characteristics and NAC dosing.VariablesNAC, *n* = 33Placebo, *n* = 34*P* valuePatient weight (kg)\*73.0 \[67.8--93.9\]77.6 \[64.8--95.6\]0.792Patients completing loading dose^†^32 (97)34 (100)0.239Patients completing 4-h dose^†^16 (48)12 (35)0.327Loading dose infusion rate (mL/h)\*227 \[212--296\]244 \[203--288\]0.688Loading dose volume infused (mL)\*227 \[212--296\]250 \[211--292\]0.5434-h Dose infusion rate (mL/h)\*^,\ a^19 \[17--24\]21 \[18--24\]0.1724-h Dose infusion volume (mL)\*^,\ a^63 \[46--80\]36 \[15--84\]0.319Continuous dose infusion rate (mL/h)\*^,\ a^10 \[9--13\]11 \[9--13\]0.642Continuous dose volume infused (mL)\*^,\ a^70 \[38--102\]78 \[19--119\]0.981Total duration of infusion (h)\*4.9 \[2.8--10.9\]3.8 \[1.8--8.6\]0.284Total infusion volume (mL)\*344 \[265--419\]300 \[243--411\]0.363NAC delivered during loading dose (g)\*10.9 \[10.1--14.1\]NANANAC delivered during 4-h infusion (g)\*3.0 \[2.2--3.8\]NANANAC delivered during continuous infusion (g)\*3.3 \[2.0--4.8\]NANATotal NAC infused (g)\*16.5 \[12.8--20.0\]NANAInfusion and/or drug-related adverse events^†^5 (15)^b^0 (0)**0.025**Significant *p* values (\<0.05) are shown in bold font.*NAC* *N*-acetylcysteine, *mL* milliliter, *h* hour, *NA* not available.\*Data are presented as median \[interquartile range\] and analyzed by Mann--Whitney test.^†^Data are presented as *n* (%) and analyzed by Fisher's exact test.^a^Calculated only for the patients who were started on respective dose regimen.^b^All adverse events were minor and included nausea and vomiting (*n* = 2), transitory sensation of chest tightness (*n* = 2), and hot flush (*n* = 1).

Effect of NAC on newborn status in the delivery room {#Sec13}
----------------------------------------------------

Table [3](#Tab3){ref-type="table"} summarizes the newborn characteristics in the delivery room. Surprisingly, the groups were imbalanced in race and ethnicity, with more white male babies in the NAC group and more black female babies in the placebo group (*p* = 0.025). Despite this bias, the newborns of mothers who received NAC had better Apgar scores at both 1 and 5 min and required less resuscitation with positive pressure ventilation (PPV) (*p* = 0.039). The distribution of the delivery room resuscitation techniques among the newborns in the study is represented graphically in Supplementary Fig. [1](#MOESM1){ref-type="media"}. Compared to ten babies in the placebo group, only two babies in the NAC group required surfactant in the delivery room (*p* = 0.022). When modeled in multivariable linear regression, the Apgar scores and delivery room resuscitation variables were all determined by the combination of the treatment group and GA at birth. Race, sex, birth weight, cesarean delivery, complete steroid course, and concurrent exposure to magnesium sulfate were variables excluded from the model on the basis of *p* \> 0.1. In multivariable logistic regression with the treatment group and GA as covariates, the odds ratio of a 5-min Apgar score ≥7 for a newborn exposed to NAC was 11.5-fold (95% CI: 2.1--63.6) greater than if exposed to placebo (*p* = 0.005), independent of GA at birth. In the same way, with each week extended in utero, the odds of a 5-min Apgar ≥7 increased by 1.6-fold (95% CI: 1.1--2.3, *p* = 0.008), independent of the treatment group.Table 3Newborn clinical characteristics in the delivery room.VariablesNAC, *n* = 33Placebo, *n* = 34*P* valueBirth weight (g)\*1170 \[810--1630\]980 \[808--1448\]0.816Newborn male sex^†^15 (45)15 (44)1.000Newborn race and sex^‡^**0.025**  Non-Hispanic white males9 (27)2 (6)  Non-Hispanic black females5 (15)12 (35)  Other combinations19 (58)20 (59)1-min Apgar score\*8 \[5--8\]6 \[3--8\]**0.027**  1-min Apgar score \<4^†^2 (6)12 (35)**0.006**5-min Apgar score\*9 \[8--9\]8 \[6--9\]**0.007**  5-min Apgar score \<7^†^2 (6)13 (38)**0.003**Resuscitation, highest level^‡,a^**0.039**  None0 (0)1 (3)  Oxygen, tactile stimulation13 (41)5 (15)  Mask CPAP or bag and mask ventilation11 (34)12 (35)  Intubation with PPV alone5 (16)4 (12)  Intubation with PPV, drugs and/or CPR3 (9)12 (35)Surfactant in the delivery room^†,\ b^2 (6)10 (31)**0.022**Significant *p* values (\<0.05) are shown in bold font.*NAC* *N*-acetylcysteine, *CPAP* continuous positive airway pressure, *PPV* positive pressure ventilation.\*Data are presented as median \[interquartile range\] and analyzed by Mann--Whitney test.^†^Data are presented as *n* (%) and analyzed by Fisher's exact test.^‡^Data are presented as *n* (%) and analyzed by *χ*^2^ test.^a^Information is missing for one newborn in the NAC group.^b^Information is missing for two newborns in each group.

Effect of NAC on short-term newborn outcomes {#Sec14}
--------------------------------------------

The short-term newborn outcomes at discharge from the NICU are presented in Table [4](#Tab4){ref-type="table"}. Infusion of NAC was associated with a significantly lower frequency of our primary outcome, specifically a composite morbidity score ≥2 (*p* = 0.039). In our study, a total of eight newborns died before discharge, with six in the placebo group and two in the NAC group. Fetal exposure to NAC did not increase the risk of presumed early-onset sepsis or culture positivity in the first 3 days of life or beyond. For each individual morbidity, there were fewer diagnosed babies in the NAC group compared to the placebo group. A finding that we did not anticipate was the remarkable lower number of neonates who developed BPD in the NAC group (1/31, 3%) compared to the placebo group (10/31, 32%, *p* = 0.006). As we originally hypothesized and consistent with NAC's antioxidant effect, fewer newborns exposed in utero to NAC developed IVH and/or died (*p* = 0.01), or developed BPD and/or die (*p* = 0.009).Table 4Short-term outcomes newborn outcome assessed at discharge from NBSCU.Outcome variablesNACPlacebo*P* valueNewborns assessedOutcome present (%)Newborns assessedOutcome present (%)Primary outcome Composite morbidity score ≥2\*^,\ †^337 (21)3416 (47)**0.039** Composite morbidity score ≥1\*^,\ †^3313 (39)3418 (53)0.330Individual morbidities Death^†^332 (6)346 (18)0.259 Early-onset sepsis, presumed and/or culture-confirmed^†^339 (27)3416 (47)1.000 Early-onset sepsis, culture-confirmed^†^331 (3)342 (6)1.000 Late-onset sepsis, culture-confirmed^†^338 (24)3310 (30)0.783 Culture-proven sepsis, any type338 (24)3412 (35)0.425 Severe IVH (grades 3 and 4)^†^332 (6)344 (12)0.673 IVH, any grade^†^335 (15)3413 (38)0.053 Severe ROP (grades 2--4)^†^334 (12)349 (26)0.217 ROP, any grade^†^338 (24)3413 (38)0.294 Severe NEC (grades 2--4)^†^335 (15)336 (18)1.000 NEC, any grade^†^337 (21)338 (24)1.000 PVL^†^331 (3)342 (6)1.000 BPD^†,\ a^311 (3)3110 (32)**0.006**Other composite outcomes IVH and/or death^†^336 (18)3417 (50)**0.010** BPD and/or death^†^333 (9)3413 (38)**0.009**Length of NICU stay Length of stay for newborns who survived \>28 days^‡^3139 \[24--91\]3362 \[24--114\]0.375Significant *p* values (\<0.05) are shown in bold font.*NICU* neonatal intensive care unit, *NAC* *N*-acetylcysteine, *IVH* intraventricular hemorrhage, *ROP* retinopathy of prematurity, *NEC* necrotizing enterocolitis, *PVL* periventricular leukomalacia, *BPD* bronchopulmonary dysplasia.\*Composite of culture-proven sepsis (any type), IVH grades 3 and 4, ROP grades 2--4, NEC grades 2--4, PVL, BPD, and/or death.^†^Data are presented as *n* (%) and analyzed by Fisher's exact test.^‡^Data are presented as median \[interquartile range\] and analyzed by Mann--Whitney test.

The results of logistic regression models adjusting statistically significant effects of NAC for concurrent influences of GA at birth, birth weight, sex, and race are presented in Supplementary Table [2](#MOESM1){ref-type="media"}. Exposure to NAC was protective against the development of multiple morbidities and IVH and BPD alone or assessed in combination with death. All these outcomes were predicted by the combination of the treatment group and GA at birth. A significant interaction between GA and the treatment group was observed for BPD and BPD in combination with death, but not for the other variables. Male sex was a detrimental factor in the composite risk for multiple morbidities, while the race was excluded from all models based on *p* \> 0.1. The relative risks and numbers needed to treat (NNT) for each of these outcomes are presented in Table [5](#Tab5){ref-type="table"}. The relative risk reduction for the composite morbidity score ≥2 varied from 90% (for BPD) to 55% with NNT values ranging from 3 to 4, respectively.Table 5Relative risks for short-term morbidities affected by NAC and NNTs for benefit.OutcomeRelative risk \[95% CI\]*P* valueNNT \[95% CI\]Composite morbidity score^a^ ≥20.451 \[0.213--0.952\]0.0373.869 \[2.095--25.227\]IVH0.396 \[0.159--0.978\]0.0474.332 \[2.295--38.675\]IVH and/or death0.364 \[0.164--0.808\]0.0133.143 \[1.878--9.623\]BPD0.100 \[0.014--0.735\]0.0243.444 \[2.145--8.741\]BPD and/or death0.238 \[0.075--0.759\]0.0153.431 \[2.069--10.047\]*NAC* *N*-acetylcysteine, *IVH* intraventricular hemorrhage, *BPD* bronchopulmonary dysplasia, *CI* confidence interval, *NNT* number needed to treat.^a^Composite of culture-proven sepsis (any type), IVH grades 3 and 4, ROP grades 2--4, NEC grades 2--4, PVL, BPD, and/or death.

Effect of NAC on maternal and fetal plasma thiols, GSH, and cytokines {#Sec15}
---------------------------------------------------------------------

Next, we explored the levels of free plasma thiols (CYS, CYS-glycine \[CYS-GLY\], and reduced GSH), whole blood reduced (GSH) and oxidized GSH (GSSG) and plasma cytokines in the two groups, which are presented in Supplementary Tables [3](#MOESM1){ref-type="media"}, [4](#MOESM1){ref-type="media"} and [5](#MOESM1){ref-type="media"}, respectively. Maternal levels of NAC in the treatment arm were elevated in samples collected during the drug infusion (*p* \< 0.001), but undetectable in postpartum samples (Supplementary Fig. [2A](#MOESM1){ref-type="media"}). We observed significantly elevated NAC concentrations in cord blood, both in umbilical vein and artery (*p* \< 0.001 for both). Although median maternal and fetal circulatory levels of CYS, CYS-GLY, and GSH did not differ between NAC and placebo groups, the NAC concentration in maternal plasma correlated with the concentration of CYS (*r* = 0.908, *p* \< 0.001) and CYS-GLY (*r* = 0.694, *p* = 0.012). Significant correlations were found in umbilical vein and umbilical artery between NAC and CYS (vein: *r* = 0.726, *p* \< 0.001; artery: *r* = 0.850, *p* \< 0.001 Supplementary Figs. [2](#MOESM1){ref-type="media"}B, C), but not between NAC and CYS-GLY (*p* \> 0.05 for both). We found no correlation between the NAC and GSH concentrations measured in plasma or in whole blood in either maternal or fetal compartment (*p* \> 0.05 for all).

Among newborns who received NAC and had at least one umbilical cord sample analyzed, only 39% (12/31) had an elevation in plasma CYS above the mean ± 2 standard deviations of the placebo group. The subgroup of newborns with elevated CYS had significantly shorter NAC median infusion time (3.4 h, 95% CI: 2.0--4.3) compared to the remainder of the babies exposed to NAC (9.5 h, 95% CI: 3.6--13.3, *p* = 0.01). No statistically significant differences in cord blood GSH/GSSG ratio between NAC and placebo groups were observed.

NAC exposure did not lower the umbilical cord blood inflammatory cytokines. We did not find any significant relationships of NAC or CYS concentrations with GSH, GSH/GSSG ratio, or cytokines in either maternal or fetal compartment.

Effect of NAC on placental HDAC2 immunoreactivity {#Sec16}
-------------------------------------------------

NAC has the ability to reverse chromatin remodeling via inhibition of HDAC2 activity.^[@CR31]^ Alteration in lung HDAC2 activity has been strongly linked to hyperoxia-induced lung injury in mouse models of BPD.^[@CR32]^ Given the lack of effect of NAC on GSH concentration, we tested whether NAC exposure modified HDAC2 expression in fetal tissue. For obvious reasons, fetal lung tissues were not available for analysis. Thus, we used placenta as a surrogate, due to its fetal tissue origin. Figure [2](#Fig2){ref-type="fig"} shows representative images of placental HDAC2 immunoreactivity from two placebos and two NAC-treated cases. Controls were placental sections from women with idiopathic spontaneous PTB (iPTB) who delivered at similar GAs in the absence of Triple I or histological chorioamnionitis. As presented in Fig. [2a, b](#Fig2){ref-type="fig"}, compared to iPTB, the placenta of Triple I pregnancies that received placebo (Fig. [2c, d](#Fig2){ref-type="fig"}) had remarkably higher HDAC2 staining compared to those without Triple I (Fig. [2e, f](#Fig2){ref-type="fig"}). In Triple I, the nuclei of cytotrophoblasts and syncytiotrophoblast were conspicuously stained in contrast with the pale pink staining of nuclei in placental villi from NAC-treated patients or iPTB cases. The semiquantitative scoring identified significant differences among all three groups, suggesting that although NAC decreased HDAC2 staining intensity, it remained at higher than what would be expected for preterm deliveries in the absence of Triple I (Fig. [2g](#Fig2){ref-type="fig"}). These data support the notion that maternal delivery of NAC may reverse fetal epigenetic changes induced by prolonged exposure to the inflammatory intrauterine environment.Fig. 2Immunohistochemistry of placental villous tissue for histone deacetylase-2.Representative micrographs of immunohistochemical staining for histone deacetylase-2 (HDAC2) in placental villous tissue from women with idiopathic preterm birth (iPTB, **a**, **b**) absent Triple I or PTB in the context of Triple I who were enrolled in the trial and received either placebo (**c**, **d**) or *N*-acetylcysteine infusion (**e**, **f**). Vector NovaRed was used as peroxidase substrate and tissues were imaged and scored blindly for staining intensity without counterstaining. Negative slides (**g**) were exposed to nonimmune serum. Higher magnification inserts are shown in each lower right corner. All tissues available from the subjects in the trial were analyzed (NAC: *n* = 32; placebo: *n* = 33). \*\**P* \< 0.01; \*\*\**p* \< 0.001. The cases presented in **a**, **c**, **e**, and **g** were delivered at 28 weeks of gestation. The cases illustrated in **b**, **d**, and **f** were delivered at 32 weeks of gestation. The scale bar (50 μm) denotes the magnification for the panels, which were photographed at ×200. Insets were imaged at ×600 magnification.

Discussion {#Sec17}
==========

In women with amniocentesis-confirmed Triple I and imminent PTB, administration of NAC had significant clinical beneficial neonatal effects by reducing the rate of the primary composite outcome of mortality and severe short-term neonatal morbidities, with the highest protection afforded against BPD. Premature babies exposed to NAC had improved status at birth with better Apgar scores and less requirement for surfactant and PPV resuscitation. Our study demonstrates intrapartum infusion of NAC is feasible, safe, and does not increase the incidence of neonatal sepsis. Although we found that maternal administration of NAC increases the pool of endogenous CYS in the fetal compartment in 39% of fetuses, we could not substantiate a significant replenishment of plasma or RBC GSH or alterations of the maternal or fetal pro-/anti-inflammatory cytokine profiles at the dosing employed in this study.

Premature babies exposed in utero to an inflammatory insult have the poorest outcomes.^[@CR7],[@CR33],[@CR34]^ We conducted this trial, motivated by the wish to identify a safe and feasible therapeutic approach, to improve neonatal outcomes in the current state of clinical practice involving antibiotics, magnesium, and steroids.^[@CR35]--[@CR37]^ Using a mouse model of inflammation-induced PTB and stillbirth, we demonstrated that antenatal administration of endotoxin killed \~60% of fetuses within 16 h, while the rate of vaginal stillbirth was 100% at 17 h following LPS exposure.^[@CR16]^ When we completed our initial animal studies, we posited that compromised fetuses may die secondary to a stressful laboring process. We also acknowledged our limited ability to understand the mechanism through which NAC acts to exercise its effects. In retrospect, from the perspective of the current data, NAC could have improved the fetal-to-neonatal transition process, a hypothesis that would have been impossible to confirm in premature mouse newborns.

Before this trial, there was no prior experience with intrapartum human administration of NAC in the setting of infection-induced PTB. Therefore, several assumptions were necessary, several of which were not confirmed. First, was the premise on which we calculated the target sample size assuming that NAC would raise fetal blood GSH. Second, we anticipated that NAC acts as an antioxidant. While for obvious reasons we were unable to evaluate the neonatal fetal liver GSH content, we believe that the positive results of this study with relatively short times of drug exposure support alternative mechanisms of action.

BPD is a common complication of prematurity with a stagnant or increasing incidence.^[@CR38]^ In premature babies born at ≤28 weeks, the prevalence of BPD is \~40%, which concurs with the 38% rate observed in our placebo group.^[@CR39]^ Risk factors for BPD unanimously point to exposure to invasive mechanical ventilation and supplemental oxygen after birth, which lead to volutrauma, barotrauma, and oxidative stress-induced lung injury.^[@CR40]^ These therapies are, however, required to ensure an adequate gas exchange of premature infants who are often unable to complete fetal--neonatal transition and breathe independently.

NAC is a well-established mucolytic agent via the supply of CYS, which induces molecular disaggregation of the mucoprotein constituents.^[@CR41]^ This mucolytic effect of NAC would facilitate lung fluid clearance in the immediate postnatal period. NAC may have other favorable effects on respiratory outcomes. For example, in vitro, NAC disrupts biofilm formation and affects adherence to respiratory epithelial cells of relevant pathogens.^[@CR42],[@CR43]^ For these reasons, several clinical trials are underway to explore the potential benefit of NAC treatment for patients with novel coronavirus infection.^[@CR44]^ Most preterm infants struggle to expel the lung fluid owing to weak respiratory muscles, greater chest wall flexibility, deficiency of surfactant, and immature epithelial sodium channels.^[@CR38],[@CR40]^ The data from this study suggests that babies who received NAC had better Apgar scores and required less invasive resuscitation and exogenous surfactant, which would be consistent with NAC facilitating the fetal--neonatal transition. Ahola et al.^[@CR45]^ administered NAC postnatally in premature ventilated infants. These investigators did not observe lower BPD rates despite higher circulating NAC levels than those achieved in our current trial. The authors did, however, speculate that initiation of NAC before initiation of ventilator assistance could have been more effective.

Recent studies have focused on NAC's ability to reverse chromatin remodeling via inhibition of HDAC2.^[@CR46],[@CR47]^ Similarly, alteration in lung HDAC2 activity has been strongly linked to hyperoxia-induced lung injury in mouse models of BPD.^[@CR32]^ This confers the possibility that antepartum NAC administration "restores" the fetal chromatin to a state that allows for a better adaptation of the immature lung to the postnatal environment, thus explaining the remarkably lower incidence of BPD in the treatment arm compared to placebo. By inducing a more open chromatin state, NAC may allow for clearance of transcription factors that are no longer needed postnatally. This action will favor the activity of transcription factors that control transcription of genes that enable the lung to grow and protect it from hyperoxia-induced injury. While all these mechanisms are currently just hypothesized, the results of our trial provides clues that epigenetic modification to fetal DNA could serve as biomarkers of drug exposure and therapeutic efficacy better than endpoints related to GSH replenishment.

Wiest et al.^[@CR48]^ performed a pharmacokinetic study of antenatal NAC in 11 pregnant women with clinical chorioamnionitis and demonstrated a rapid transfer of the drug across the placenta followed by a slower rate of fetal clearance. The dosing regimen employed by Wiest et al.^[@CR48]^ and by Jenkins et al.^[@CR20]^ in their studies differed from the NAC protocol employed in our current trial. Different from us, Wiest and Jenkins aimed to reach newborn NAC concentrations achieved in trials of postnatal NAC administration (100--300 μM). Conversely, our aim was to determine the impact of a safe FDA-approved NAC regimen that together with the identification of Triple I amniocentesis enabled longer times of fetal exposure to NAC. As shown, \>50% of NAC-treated women delivered while on the lower dose of NAC continuous infusion, which could explain why the cord blood concentration on NAC achieved in our trial was lower than in the Weist et al.ʼs study.^[@CR48]^ The beneficial effect of lower NAC doses on neonatal lung outcomes concurs with Sprong et al.'s findings.^[@CR49]^ This group observed that lower doses of NAC were beneficial, while higher doses increased mortality in adult rats displaying endotoxin-induced lung damage. Collectively, these data support the notion that the FDA-approved NAC dosing regimen is beneficial to the premature newborn.

Adverse effects from NAC infusion usually occur during the first high dose and commonly recede with slowing down the infusion.^[@CR50]^ In our trial, although the NAC infusion was generally well tolerated, there were a few adverse events that could be reduced with a modified dosage. NAC's anti-inflammatory and antioxidant effect raised concerns of the potential for increasing the risk for sepsis among treated newborns. Probyn et al.^[@CR51]^ reported that administration of NAC to the ovine fetus exposed to endotoxin has detrimental effects by augmenting hypotension and hypoxemia. However, unlike the experimental animal model employed by Probyn, where both endotoxin and NAC were injected as a bolus in the fetal blood, the human scenario of Triple I is characterized by compartmentalization of the inflammatory process.^[@CR52]^ In Triple I, the fetal compartment is to some extent protected from direct inoculation of damaging associated molecular pattern proteins, at least in the initial phases of the Triple I process. In our trial, a reassuring finding was that antenatal NAC treatment did not increase the risk of either early- or late-onset neonatal sepsis. Moreover, there was no difference in umbilical blood gases while Apgar scores were improved.

A limitation of this study was that we could not reach our initial planned enrollment given our attempt to complete the trial at a single institution. Amniocentesis, as narrow eligibility criteria, was a significant limiting factor for the feasibility of this trial by government-sponsored, multicenter perinatal research networks. In the absence of prior experience with NAC human research at the time this trial started, the sample size was not calculated based on the primary outcome, but on a mechanistic endpoint (30% increase in fetal RBC GSH). Our assumption based on animal models proved incorrect to human biology. Nevertheless, this study provides the basis of future larger clinical trials, which now could be adequately powered for clinically relevant outcomes (delivery room resuscitation, BPD incidence), and wider inclusion criteria, which could not have been foreseen prior to this trial.

Overall, we showed that antenatal and intrapartum administration of NAC has a beneficial effect on outcomes of premature newborns born in the context of Triple I. The results of the current trial represent a clinical and translational research step forward towards understanding the mechanism by which NAC exerts its protective effects.
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